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Abstract 
Tube hydroforming is the process of manufacturing light weight automotive components by applying fluid pressure. Success of 
Tube hydroforming process depends on best combination of material properties, process parameters, process sequence, and die 
geometry. Analysing the tube in square cross section die is simplest of hydroforming operation and the parameters effect can be 
further used for more complex hydroforming operation. In this work 3-D Finite Element model for the Tube Hydroforming 
(THF) developed using Creo Parametric 2.0, pre-processed using HyperMesh and solved using LS-DYNA explicit solver. This 
paper  aims at identifying important parameters that affect the THF process without Axial feed. Taguchi’s Design of Experiment 
technique is used to understand the effect of individual parameters as well as interaction of hydroforming process parameters 
such as die corner radius, length of tube, thickness of tube, internal pressure. 
© 2016 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the Organizing Committee of ICIAME 2016. 
Keywords: Hydroforming; Process Parameters; DOE; Taguchi method; FEA Simulations; ANOVA 
1. Introduction 
The automotive industry demands of reduced emissions, improved performance and a more sustainable carbon 
footprint with more fuel efficient designs. These targets are achieved by developing lighter vehicles structure along 
with improved aerodynamics, more efficient engines. In order to achieve lighter structure, a developing novel 
shaping techniques  called Tube Hydroforming is used nowadays for Manufacturing of tubular components of the a 
modern Vehicle. Tube Hydroforming is being used by automotive industry in past two decades, typically it involves 
tubular components in engine and exhaust systems, chassis, body, closing doors, hoods, etc. The main advantage that 
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the process offers is the ability to optimize the structure for weight and strength, while often offering at the same 
time superior crashworthiness. 
 
Tube Hydroforming technique is well advanced manufacturing technique in which the tube to be formed is placed 
inside a die and internal pressure is applied by the fluid generally taken as water with non-corrosive additives [1]. for 
Successful hydroforming, the optimization of process parameters is required and process should fit in to the Forming 
limit Diagram (FLD). Detailed investigation of design and process parameters and selection of their optimal values 
is very crucial as it influences the quality and cost of the component produced and also affects the cost and quality of 
the final product. Finite element analysis is being preferred over experimental approach being economic and equally 
effective in predicting the process outputs subjected to various input parameters. Many researchers and industries are 
effectively using finite element approach for optimizing the hydroforming process. 
 
Finite Element Analysis (FEA) permits arbitrary combinations of input parameters including design parameters 
and process conditions to be investigated with limited expense. Additionally FEA simulations are planned to further 
enlarge the knowledge base about particular parts using predetermined parameters varied over practical ranges, 
(Muammer Koc et.al (2000) [2]). The Taguchi method is applied to design an orthogonal experimental array, and the 
virtual experiments are analyzed by the use of the finite element method (Bing Li (2006) [3]). G.T.Kirdli, et.al [4], 
concluded that the thickness variation reduces if die corner radius is increased and tube wall thickness is affecting 
internal pressure, while maintaining the same thinning pattern. Matteo Strano, et.al [5], said shorter the tube length, 
the obtained protrusion height is larger. Sung-Jong Kang, et.al [6], they discussed the effect of changing tube 
diameter by using FEA simulations LS-DYNA as a FE code by taking vehicle bumper rail section as product after 
hydroforming. They concluded that by changing tube diameter  slightly by 10% (increasing), remarkable reduction 
to about one-third in thinning rate and more uniform thickness distribution were predicted whichever loading path 
was applied to the prediction. Hossein Kashani Zadeh, et.al (2006) [7], simulated the effect of friction coefficient, 
strain hardening exponent and fillet radius on protrusion height, thickness distribution and clamping and axial forces 
for an unequal T joint using ABAQUS/EXPLICIT 6.3-1. The results were compared with experimental results and 
were found to in agreement with them, hence they concluded that FEM can be used as a reliable tool in designing 
tube hydroforming process to reduce costly experimental trials. A. Alaswad, et.al (2006) [8],  they modeled bulge 
height and wall thickness reduction of a bi-layered T-shape component  as a function of geometric factors using 
finite element modeling (FEM) and response surface methodology (RSM) for design of experiments(DOE). On the 
similar lines they analyzed formability and failures of T shape bi-layered tube hydroforming using ANSYS LS-
DYNA pre-processor and LS-DYNA solver as a function of certain material properties and initial blank geometry 
and provided an optimum operating condition.  
 
Kristoffer Trana (2002) [9], Lihui Lang et.al (2004) [10], Nader Abedrabbo et.al (2009) [11], studied the effect of 
axial feed and internal pressure on the thickness distribution using FEA simulations and found that the results were 
in good agreement with experimental findings. Shijian Yuan et.al (2006, 2007) [12,13] T. Hama, et.al (2006) [14], 
studied the  wrinkling behaviour in THF using FEA. Muammer Koc (2003) [15], studied loading paths and effect of 
material properties on process output using FEA simulations verified by Experiments. Asheesh Soniu (2014) [16], 
investigated the effect of internal pressure on stress distribution using LS-Dyna Explicit solver. P. Ray et.al (2004) 
[17], Sung-Jong Kang et.al (2005) [6], M. Imaninejad et.al (2005) [18] Yingyot Aue-U-Lan, et.al (2004) [19], 
determined optimal loading path for THF process using simulations. Ken-ichi Manabe and Masaaki Amino (2002) 
[20], investigated the effect of Process parameters (friction coefficient, stress ratio) and material variables (n- and r- 
values) on thickness distribution using LS-Dyna. Bathina Sreenivasulu, et.al (2014) [21], proved experimentally that 
the strain hardening coefficient has higher influence over formability of the tubes so that for forming of materials 
with higher value of “n”, lower internal pressure needed. E. Chu, et.al (2002) [22], proposed and established the 
theoretical "Process Window Diagram" (PWD) based on mathematical formulations for predicting forming limits 
induced by various defects such as buckling, wrinkling and bursting of free-expansion tube hydroforming process. 
Kuang-Jau Fann, et.al, (2003) [23], carried out THF simulations and concluded that sequential optimization can lead 
to better forming results as loading path is having close control on process output. Fuh-Kuo Chen, et.al (2007) [24], 
found that the relation between hydraulic pressure and outer die corner radius predicted agrees well with FEM. The 
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hydraulic pressure required to deform a tube into a desired part shape depends on the material properties of the tube, 
tube thickness, and the minimum corner radius of the part shape. B.Sreenivasulu, et.al (2013) [25], modelled free 
bulge shaped tube die using Auto CAD, simulated THF using DEFORM-3D and found that wall thickness and the 
branch height are most sensitive to friction, axial load, and internal pressure. A. Aydemir, et.al (2005) [26], they 
developed an adaptive design method for T-shape tube parts based on finite element method using 
ABAQUS/Explicit, to avoid wrinkling and necking.  
 
From the above literature review, it is evident that the Finite Element simulations are capable of predicting 
accurate behaviour of tube hydroforming process and can be used to reduce experimental efforts. The objective of 
this paper is to investigate and study the effect of significant process parameters and their interactions in order to 
improve the quality of Hydroformed tube.  
2. Methodology  
Taguchi method gives three stages in the process development: (1) system design, the engineer uses scientific and 
engineering principles to determine the basic configuration. (2) Parameter design, in this stage the specific values for 
the system parameters are determined (3) Tolerance design, it is used to specify the best tolerances for the 
parameters [3].  From these, Parameter design is the most important step in Taguchi method towards achieving high 
quality without increasing cost. So, in order to obtain the high Hydroformablity, the parameter design approach 
proposed by Taguchi Method is adopted in this paper. 
 
The Basic steps in the methodology are shown in the fig.1. Firstly the Quality characteristics and the controllable 
forming parameters are selected, and accordingly the Orthogonal array has been constructed. Based on the 
Orthogonal Array selected the finite element simulations are performed and results are tabulated in terms of average 
response for each factor. Statistical Analysis of variance (ANOVA) is performed to see the significant parameters. 
And then it is modified with the interaction of the significant parameters to obtain more information of their effect 
on the quality characteristics. 
 
            
 
Fig. 1 Methodology for Optimization of Tube Hydroforming  
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2.1. FE Simulation Methodology 
The tube and die geometry are prepared using CREO Parametric 2.0, then it is imported in to the Preprocessor 
Hyperform 12.0 for applying boundary conditions. After applying boundary conditions LS-DYNA R7.0 is used as a 
Solver. The output of the analysis stage is viewed using Hyperview. The tube diameter is 40 mm, and taking tube 
thickness at three level and is blown in to die cavity which is square shape having of  side 44mm. Fig. 2 shows a 
screenshot of output of the analysis stage. The figure shows forming limit diagram (FLD) for the deformed tube. 
    
 
Fig. 2 Forming limit Diagram of the Hydroformed Tube 
 
 
The material selected for hydroformed tube is CRDQ steel and its material properties are given in Table 1. 
 
                                      Table 1. Material Properties for CRDQ Steel used in the FEM Simulation 
Material Parameters Value 
Density ρ (kg/m3) 7800 
Young's Modulus E (GPa) 210 
Hardening Coefficient K (MPa) 550 
Hardening Exponent n  0.21 
Poisson's Ratio  µ 0.3 
Lankford Coefficient  R  1.6 
 
2.2. Determination of Quality Characteristic, Selection of Parameters and construction of Orthogonal Array 
In the tube hydroforming process the primary requirement is to conform the shape of the die by the tube blank 
without any failure. The three main failure of this process are bursting, buckling, wrinkling. Among these three 
failures only wrinkling and buckling are recoverable. Bursting is fracture and hence cannot be recovered and causes 
necking because of which the percentage thickness reduction becomes an important output to be measure. Hence the 
Percentage thickness reduction is selected as a Quality characteristic.  
Hydroformablity is dependent on three categories of parameters viz., Geometry Parameters, Material Parameters, 
and Process Parameters (Table 2). The Four forming parameter are chosen at three levels each and Orthogonal Array  
L27 is selected for the present study according to Taguchi's Method. 
 
402   Rakesh A. Shinde et al. /  Procedia Technology  23 ( 2016 )  398 – 405 
    Table 2. Forming parameters with their levels. 
Designation Forming Parameters Level 1 Level 2 Level 3 
A Die Corner Radius (mm)  4 6 8 
B Length of tube (mm) 120 140 160 
C Thickness of Tube (mm) 1 1.2 1.4 
D Internal Pressure (psi) 6000 6200 6400 
 
3. Data Collection and Analysis  
The Experiments are performed as per Taguchi's OA L27 and the Average responses for maximum percentage 
thickness reduction for individual factors are as given in table 3 below.  
 
               Table 3. Average response for Percentage thickness reduction. 
Factors Average Response (% thickness Reduction) 
Level 1 Level 2 Level 3 
A Die corner radius 20.0467 17.9811 20.2244 
B Length of Tube 18.8344 18.2633 21.1544 
C Thickness of Tube 20.2511 20.2100 17.7911 
D Internal Pressure 19.4211 19.4044 19.4267 
 
The Fig. 3 shows Individual factors effect and clearly indicates that the percentage thickness reduction decreases 
as the level of factor A and B (Die corner radius and length of tube) changes from 1 to 2  and then increase as the 
level changes from 2 to 3. The percentage thickness reduction remains fairly constant for all levels of factor D 
(internal pressure). Whereas Percentage thickness reduction remains fairly constant for levels of the factor C 















                                 
 
 
Fig. 3 Individual Factors Effect on Percent Thickness Reduction 
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The results of Analysis of the variance by considering the main effects of individual parameters as well as their 
interactions are shown below table 4. It clearly indicates that the factor A, B and C are significantly affecting the 
process and their interaction AXB is affecting as well. In order to study the interaction effects pair-wise comparisons 
are useful. For this study, we need to make a distinction between focal independent variable and moderate variable. 
The assigned independent variable i.e. a characteristic intrinsic to the participant such as Tube Length, tube 
thickness can be chosen as moderate variable  and the active independent variable i.e. the one assigned or designed 
by the researcher such as die corner radius, internal pressure can be considered as the focal independent variable.  
 
               Table 4. Modified ANOVA Table  for Percentage thickness reduction. 
  SS D.F MSS F F critical at α = 
0.10  
 Remark 
SSA 27.9920 2 13.9960 7.1569 3.46 SIGNIFICANT 
SSB 42.2013 2 21.1006 10.7899 3.46 SIGNIFICANT 
SSC 35.7129 2 17.8565 9.1310 3.46 SIGNIFICANT 
SSD 0.0024 2 0.0012 0.0006 3.46 INSIGNIFICANT 
SSAXB 30.8593 4 7.7148 3.9450 3.18 SIGNIFICANT 
SSAXC 1.8408 4 0.4602 0.2353 3.18 INSIGNIFICANT 
SSBXC 15.1306 4 3.7827 1.9343 3.18 INSIGNIFICANT 
SSE 11.7336 6 1.9556       
SST 165.4729 26        
 
In this paper, Tube length is designated as moderate variable and die corner radius is designated as focal 
independent variable. As AXB interaction is only significant so it is studied furthermore. For each Tube Length,  
One-way ANOVA is carried out for interaction AXB to decide the effect and hence post-hoc analysis by doing 
pairwise comparison is carried out to determine the optimal values of the factors. The Details are given in the table 
5. 
 
Table 5. Pair-wise comparison (AXB) for Percentage thickness reduction at level 1 of Factor B (Tube length) 
Pair-wise comparison Difference 95 % confidence interval 
Level 1 - Level 2 4.5433 (1.6287, 7.4580) 
Level 2 - Level 3 -2.9400 (-5.8546, -0.0254) 
Level 1 - Level 3 1.6033 (-1.3113, 4.5180) 
 
Table 5 shows that the difference between level 1 and level 3 is insignificant and the mean for the level 2 of the 
factor A (Die Corner Radius- 6mm) is significantly lower (16.34) than the other two level values.  
 
Similarly to find out the pair-wise comparison of the interaction AXB at level 2 and level 3 of factor B, One-way 
ANOVA is carried out and found that there is no significant variation. So, the level at which mean thickness 
reduction is comparatively lower can be selected.   
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4. Conclusion 
From the results of the FEM analysis and the effect of parameters study using Taguchi method, some prediction 
can be drawn  
 
x The Die corner radius, length of tube and thickness of tube are significantly affecting the process. 
x The Internal pressure can be set at the higher end in order to achieve good hydroformed component.   
x The interaction between the die corner radius and the tube length is found to be significant. 
x The optimum combinations of the selected significant parameters are suggested based on results obtained by 
ANOVA analysis. 
x Summary of the optimal combination of selected parameters for minimum percentage thickness Reduction is 
tabulated in table 6 below. 
 
Table 6. Summary of Optimal Combinations for Minimum Percentage Thickness Reduction 
Sr. No. Details of Requirement  Optimal Combination of Factors 
and level for the minimum percent 
thickness reduction 
1 When Tube length is 120mm  Factor A Level 2 
Factor B Level 1 
Factor C Level 3 
Factor D Level 3 
2 When Tube length is 140mm  Factor A Level 2 
Factor B Level 2 
Factor C Level 3 
Factor D Level 3 
3 When Tube length is 160mm  Factor A Level 1 
Factor B Level 3 
Factor C Level 3 
Factor D Level 3 
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